[1] Hrad Vallis is a $370 m deep, $800 km long depression located at 34°N, 218°W, in Elysium Planitia, Mars. A distinctive deposit, present on both sides of the source area of Hrad Vallis, has a maximum width of $70 km along the strike of the depression, a lower unit extends for nearly 100 km away from the depression on either side, and an upper unit extends for $50 km. Viking and Mars Orbiter Camera (MOC) images show lobate deposit boundaries, rheomorphic deformation, and numerous craters 270-580 m in diameter within the deposit. The deposit coincides with a broad topographic rise $30 km wide and $100-150 m high extending along the sides of the valley for at least 100 km along strike. We propose that these features formed when a dike underlying the axis of the valley generated a shallow sill, which in turn is partly responsible for the rise topography. The remainder of the rise consists of a mud-like deposit of ejecta from a large-scale phreatomagmatic explosion due to violent mechanical and thermal mixing between the central part of the sill and ice-rich rock layers in the upper few hundred meters of the crust in a fuel-coolant-type interaction. The observed range and thickness of ejecta and the depth of the Hrad depression imply explosion steam pressures up to 360 MPa, ejecta speeds of $400 m s À1 , and a sill at least 150 m thick intruded at a depth of $350-400 m below the original surface.
Introduction
[2] The interaction between magma and ground ice has been advocated to explain various unusual landforms of possible volcanic origin on Mars [Allen, 1979; Chapman et al., 2000] . One area where the geomorphic evidence for such an interaction is particularly persuasive lies on the northwest edge of Elysium Planitia between 25 -40°N, 215 -230°W (Figure 1 ). Shallow basins that show evidence of water flow, lobate units that appear to be mudflows, and the drainage system that constitutes Galaxias Fossae (Hrad Vallis, Granicus Valles, and Hebrus Valles) all indicate that water reached the surface in close proximity to relatively young lava flows [Mouginis-Mark, 1985; De Hon, 1992] .
[3] The drainage system associated with NW Elysium Planitia has been interpreted to be the source for many of the lobate units that extend into Utopia Planitia [Tanaka et al., 1992] . These units have typically been interchangeably compared to ''lahars'' or ''jökulhlaups'' on Earth [Christiansen, 1989; Rice et al., 2000; Tanaka et al., 2001] , although these terms imply very different processes. The identification of the correct process has significance because it places constraints on the physical structure of the preexisting terrain (if the deposits are lahar deposits), or on the thickness of an over-lying ice layer (if they are jökulhlaup deposits). Here we use the term ''lahars'' to mean the remobilization of volcanic material as a surface flow. ''Jökulhlaups'' are specifically related to debris transport due to a glacier outburst following a subglacial eruption. We take as terrestrial analogs the lahars of the volcano Mt. Pinatubo, the Philippines, which were generated from non-welded ignimbrite produced by the 1991 eruption [Major et al., 1996; Rodolfo et al., 1996] . At Mt. Pinatubo, the material incorporated into the fluid flow was already fragmented. Conversely, we interpret jökulhlaup deposits (such as the ones found in Iceland) to be created by subglacial eruptions that then melt the over-lying ice until the subglacial lake suddenly drains (e.g., the 1996 Vatnajökull eruption [Maria et al., 2000] ). Such jökulhlaup deposits require a thick layer of ice to overlie the region, and they transport large volumes of gravels and blocks that are derived from earlier eruptions.
[4] In this study, we focus on a possible example of an intrusive-generated surface flow in the region around Hrad Vallis (Figure 2 ), which originates from a graben at 34°N, 218°W. De Hon [1992] proposed a three-stage model for the formation of Hrad Vallis based on Viking images: (1) formation of isolated depressions as either karst depressions or thermokarst valleys in response to circulating groundwater; (2) expansion of depressions along structural trends to coalesce as composite valleys; and (3) incision of a channel floor by protracted discharge of water from the subsurface after the initial formation by non-fluvial processes. In the De Hon model, the underlying material must either have been soluble (to produce karst-like terrain), or it must have been porous, low-density, saturated rock (to produce thermokarst terrain).
[5] We have used Viking Orbiter and Mars Orbiter Camera (MOC) images (at resolutions of 40-150 m/pixel and 1.5-6.1 m/pixel, respectively) to examine the Hrad depression and its associated deposits. Our interpretations of the landforms visible at the higher resolution of the MOC images lead us to take issue with De Hon 's [1992] model, as well as the interpretation that the valley formed as a result of erosion associated with either lahars or jökulhlaups. Instead, we propose a model that involves the intrusion of a dike or sill into ice-or water-bearing country rock. As we will show, the explosive vaporization of the ice immediately surrounding the intrusion would have been sufficiently energetic to fragment overlying dry rock and eject the fragmented debris. Shortly after the ejecta landed, ice remaining in the as-yet unheated ejected materials (which originated from locations originally well above the sill) melted to form mudflows to the north and SW of the depression formed by the explosion. Subsequent meltwater release from the continuing influence of the hot sill within the surrounding ice-rich crust would then have been sufficient to produce the water that subsequently carved the valley in a manner similar to that proposed by Squyres et al. [1987] for sill intrusions elsewhere on Mars and by Gulick [1998] for more equidimensional intrusions.
Geomorphology of Hrad Vallis and Its Environs
[6] Braun and Zuber [2000] proposed that many of the Elysium Planitia depressions may have been initiated as simple graben as a consequence of isostatic loading of the Elysium Planitia region, and using Mars Orbiter Laser Altimeter (MOLA) data they identified two classes of depressions. Linear topographic profiles orthogonal to the trends of the depressions, constructed from MOLA data, reveal that they are either (a) shallow, wide and flat-floored with significant flanking uplift and radial orientations relative to Elysium Mons, or (b) deep, narrow, v-shaped chasms with almost no flanking uplifts and concentric orientations relative to Elysium Mons. Braun and Zuber [2000] concluded that the deeper v-shaped linear depressions (''chasms'') may have undergone subsequent erosion as a consequence of water release due to what they described as ''thermal pulses'' from Elysium Mons. Hrad Vallis is located along the transition between the broad Elysium Planitia rise to the southeast and Utopia Planitia to the northwest (Figure 1 ). Topographic data from MOLA show that the source of Hrad Vallis is at an elevation of $3.7 km below mean datum and the depression is $370 m deep. In comparison with the other 14 depressions and sinuous rilles within the area, Hrad Vallis has the clearest evidence for water discharge close to its source, the lowest rim elevation, and has the shallowest depth (Table 1) .
[7] Hrad Vallis begins as a depression that forms part of Galaxias Fossae near the edge of lava flows from the NW flank of Elysium Mons and continues downslope for nearly 800 km into Utopia Planitia (Figure 2 ). The valley system can be divided into three main segments. The up-slope segment (i.e., proximal to Elysium Mons) is 46 km long and 2.2-4.6 km wide. The central portion of the graben is 28 km long and up to 2.3 km wide. The down-slope segment is 30 km long, between 2.1-3.8 km wide, and is breached to the NW. A narrow 14 km-long ridge connects the SE and central segments of the graben. MOC data show that the upslope wall of the SE graben is breached by a fracture that then grades up-slope into a small mound 260 m long with two collapse pits along its long-axis (Figure 3 ). There is also a suggestion of a resistant ridge (interpreted to be a dike) exposed in the SE wall that then becomes a ridge on the floor of the graben.
[8] Additional MOC data show that the wall rock within Hrad Vallis comprises a series of 8 or 9 individual layers that we here interpret to be individual lava flow units (Figures 3  and 4) . Although no individual MOLA profiles cross this section of the cliff, on the basis of a comparison with preserved surface flows [Mouginis-Mark and Yoshioka, 1998 ] which have an average thickness of 40-60 meters, Figure 2a , derived from the 1/128th degree MOLA digital elevation model. Contour interval is 25 meters, and covers the elevation range from 4,000 to 3,650 m below the Mars datum as defined by MOLA. The broad topographic rise discussed in the text is the area above $À3,875 m on both sides of the Hrad depression. Elevations below À4,000 m are indicated in light gray, while elevations above À3,650 m are shown in white. c) Geomorphic sketch of the same area as that shown in Figure 2a . Geomorphic units are as follows: (a) Mountain block; (b) mudflow -divided into upper (''b u '') and lower (''b l '') units on the northeastern side. Only a single unit exists on the southwestern side; (c) individual lava flows from Elysium Mons; (d) lava plains with no recognizable flow units; (e) remnants of highland material; (f ) outer edge of Hrad Vallis, interpreted to be an area of collapse; and (g) central depression that forms Hrad Vallis. Three numbered arrows refer to the three discrete segments of Hrad Vallis. this section of Hrad Vallis is $320 -540 m deep. In addition, there is an unusual ''cap rock'' around the rim of the graben that has a smaller angle of repose than that of the lower units, suggesting that it is mechanically less competent than the lower units. This cap rock is best seen in Figure 4b where a $280 m diameter crater has a $220 m diameter bench marking the top of a lower unit. This crater is adjacent to the rim of the main depression, where several additional layers can be identified beneath this topmost unit.
[9] Mouginis-Mark [1985] and De Hon et al.
[1999] interpreted the materials on the rim and to the north and southwest of Hrad Vallis to be two phases of mudflow (Figure 2c ), on the basis of their super-position relationship, flow-like morphology around preexisting obstacles and the apparent burial of preexisting impact craters. The lower unit has a total flow length of almost 100 km away from the source of Hrad and a maximum width perpendicular to the flow direction of $70 km. The upper unit extends northward $50 km from Hrad Vallis, where it started to embay a ridged mountain before coming to rest. Both of these units are seen in MOC data ( Figure 5 ) to have associated ''high tide marks'' around the base of the mountain, suggestive of compaction after emplacement. Lineations in the deposit seen at Viking resolution (150 m/pixel) hint at rheomorphic flow of the upper unit [Mouginis-Mark, 1985 ] where it appears to be draped over a topographic high and has subsequently slumped toward the main flow in a local depression. Some of this material also appears to have experienced rheomorphism after emplacement to produce the lobate flow shown in Figure 6 , as well as the lobes of material to the NE of the graben. Mudflows appear to have been generated from all three segments of Hrad Vallis, but water flow apparently only took place from the lowest (NW) segment. It is clear that water flow post-dates the mudflow, because no signs of the lobate deposits can be found on the valley floor in MOC images, where any such deposit would certainly be visible.
[10] A second aspect of these mudflows is the large number of unusual circular to polygonal ridges within the deposit ( Figure 5 ), with diameters in the range 270-580 m ( Figure 6 ). Our original supposition based on Viking images [Mouginis-Mark, 1985] , that these mark the locations of impact craters buried by the mudflow, can now be discounted on the basis that there are far more of these features per unit area on the mudflow deposits than there are impact craters of similar sizes adjacent to the mudflows. Craters of a range of diameters on the mudflow also show the same degree of degradation, which would not be expected if they were impact craters buried by an overlying unit. Explosion craters due to the release of trapped water vapor derived from the mudflow is a possible origin for the depressions (see section 4). No raised rims or ejecta surrounding the depressions can be seen in MOC images, and MOLA topographic data have insufficient spatial resolution to either confirm or refute the absence of rims. We discount the idea that these craters are all collapse pits because they are all subcircular in planform, which we would not expect if they were formed by collapse. Instead, we propose that ejecta from these explosions may have been so widely distributed that they cannot be identified even in MOC images at $3.0 m/pixel resolution. Alternatively, most of the ejected material may have fallen back into the crater after the explosion.
[11] There are several more subtle aspects of the morphology of the source area for Hrad Vallis that are best identified in topographic map ( Figure 2b ) and profiles derived from the gridded MOLA data set (at a resolution of 1/128 of a degree, or $450 m/pixel). Most prominent is the broad topographic rise that is $30 km wide and $100 -150 m, locally $200 m, high (Figure 7 ). This rise extends along the sides of the valley for at least 100 km along strike, and can be recognized as a morphologically distinct unit on the Viking images ( Figure 2a ). We infer that this rise did not exist prior to the formation of Hrad Vallis because the general trend in the regional topography is a uniform slope downward toward the NW, and interpret the rise to be constructional in origin as a result of two separate processes that were intimately associated with the formation of Hrad Vallis. The first process is the intrusion of a sill into the shallow substrate, and the second is the deposition of the material erupted during the formation of Hrad Vallis. We shall show in section 3 that the vertical thickness of the sill must have been more (though probably not much more) than $150 m, and that the sill probably extended for at least 10 km on either side of the feeding dike. In each part of Figure 7 therefore we have indicated the likely location and size of the sill, taking a nominal thickness of 150 m, and the location of the post-intrusion but pre-explosion ground surface. This geometry implies that the maximum thickness of the ejected deposit (on the west side of the depression) is $80 m, with the mean thickness being $40 m. On the east side it appears to be $25-35 m thick, perhaps the consequence of the accumulated material having spread further from the depression.
[12] For each profile in Figure 7 we have evaluated the volume of material per unit length along strike of Hrad Vallis (i.e., the cross-sectional area in the figure) that was excavated from below the proposed ground surface and the volume of material deposited above it. If there were no change in the bulk density of material on explosive excavation, then these volumes would be equal. In fact the ratios of deposited volume to excavated volume are found to be 1.39, 1.72 and 1.25 for profiles (a), (b) and (c), respectively. The mean of these values, $1.45, implies a 45% bulking of the material during the excavation process. While in no sense accurate (this result is the mean of only three measurements and inevitably assumes that there is no motion of ejected material parallel to the strike of the valley) this value is not implausible, and is consistent with the scenario we are proposing.
[13] Finally, we note that there is an area of general collapse $10 km wide within the rise on either side of the central and NW segments of Hrad Vallis (Figures 2a and 6a ). We infer that this collapse immediately around the source occurred during the final stage of construction of the depression, possibly when water was draining out into the channel system. It is also possible that the texture seen here is due to some of the viscous deposit draining back into the valley floor. The volume changes involved in these collapse events are small and do not significantly influence the results of the above volume calculations.
[14] We now quantify each of the steps in the above model. Explicit numerical values relevant to Hrad Vallis are used where needed, but the development is carried out in such a way that it could be applied to any other similar Figure 5 . The high number density of these depressions on the mudflow together with their essential absence off it indicates that they are not earlier impact craters draped with the deposit. Units are the same as Figure 2c . feature on Mars, or indeed on Earth. All of the mathematical steps needed are given in Appendix A.
Model of the Phreatomagmatic Explosive Origin of Hrad Vallis
[15] There have been several previous studies of the effects of intrusions into ice-rich material on Mars. Squyres et al. [1987] identified possible evidence for an interaction between a sill and overlying ground ice in the lowlands of Aeolis Mensae. Scott and Wilson [1999] advocated gentle subsidence of parts of the upper flanks of Ascraeus Mons as a consequence of sill intrusion into ice-rich near-surface layers to explain depressions connected to short channels. McKenzie and Nimmo [1999] suggested that on a large scale, groundwater removal after melting of ice by an extensive dike system may have been the ultimate origin of Valles Marineris. All of these studies evaluated the volume of water ice that could be converted to liquid water or water vapor and expelled from the vicinity of the intruding heat source; however, none of them provided a detailed treatment of the physical conditions (temperature and pressure) at the magma-country rock interface during the thermal interaction. We attempt here to explore these issues.
[16] We assume that the origin of the Hrad depression was the unusually close approach to the surface of the upper tip of a laterally propagating regional giant dike (Figure 8a ). Such dikes probably have their centers at depths of $50 km [Wilson and Head, 2002] and so respond to regional topographic variations on the tens of km scale. In this respect it is interesting that Hrad lies close to a major break in slope in the regional topography surrounding the Elysium Mons volcano (Figure 1 ). The upper tips of giant dikes that do not erupt onto the surface on Mars have been modeled to be generally located at depths up to $5 km [Wilson and Head, 2002] and we envisage that in this case the upper dike tip encountered a significant density change or weak boundary between crustal strata, so that magma began to spread laterally as a sill ( Figure 8b ). As noted earlier, the Hrad depression is up to $400 m deep; our best estimate of the depth of the floor of the depression below the level of the preintrusion terrain (see Figure 7 ) is $250 m. This estimate is consistent with the thickness of the ejected material, which is in turn obtained from the volume of material missing from the depression after allowance for bulking on emplacement as described in section 2. The upper section of the rim consists of a morphologically bland unit overlying a series of (Figure 4 ). If these lava flows represent the original surface materials prior to the formation of Hrad, and they overlie more fragmental material, then it is likely that the sill would be intruded into this less-consolidated and probably ice-rich material. We adopt 400 m as our initial estimate for the depth at which the sill intruded. Appendix A1 shows that the lithostatic load at this depth was $3.6 MPa and Appendix A2 shows that the pressure in the magma in the growing dike tip would have been $3.3 MPa, with about 30% of the volume consisting of bubbles of exsolved CO 2 gas.
[17] Initially the sill would have grown slowly but, as its mean thickness increased, magma would have flowed into it more quickly. The timescale for the lateral growth to the distance implied by the width of the Hrad depression can be found in terms of the magma driving pressure and the magma viscosity, which we assume is that of a basaltic to basaltic-andesite composition. The driving pressure is the difference between the inlet pressure from the dike and the pressure in the advancing tip, which is buffered by the exsolution of magmatic water vapor. Appendix A3 derives the values shown in Table 2 for the dike tip advance speed and the emplacement time for a series of lateral sill intrusion distances Y. The timescale varies mainly as a function of the sill driving pressure. This is estimated from the height of the ridge within the Hrad depression (Figure 3 ), which we identify as the upper part of the feeder dike which overshot the level of sill intrusion. Even allowing for a factor of 2 uncertainty in the assumed driving pressure, Appendix A3 shows that the timescale must lie in the range $0.2 to $2 hours.
[18] During the intrusion, heat was conducted into the rocks adjacent to the sill and began to melt ice in pore spaces and produce liquid water and then water vapor; this entered the sill magma as H 2 O gas bubbles (Figure 8c ). The pressure rise implied by the need to accommodate the volume of the vapor was distributed throughout the sill and adjacent dike, both of which would have already contained bubbles of carbon dioxide that had exsolved during their emplacement. This pressure rise also acted to reduce the supply of magma from the dike into the sill. However, as shown in Appendix A4, the pressure rise was probably at most of order 2%, so the effect on the magma supply rate was probably minimal.
[19] We postulate that, eventually, the deforming interface between the sill and the adjacent crust became unstable at some location, with blocks of fragmented crust, still with ice in their pore spaces, mixing into the sill magma (Figure 8d ). The resulting rapid production of water vapor caused a local pressure increase on a timescale so short that pressure waves could not distribute the compression into the surrounding magma fast enough. A run-away fuel-coolant interaction occurred in which all of the sill magma mixed very rapidly (on a timescale of a very few seconds) with about an equal volume of crustal rocks, both above and below the sill (Figure 8e ). The rapid evaporation of all of the remaining ice with essentially no volume change led to a pressure which we show in Appendix A4 to have been $360 MPa. The temperature of the mixture would have been close to 785 K (Appendix A5). As a result of the high pressure, the as-yet unaffected crustal rocks above the mixed layer were shattered and expelled in a violent hydro-magmatic explosion (Figure 8f ).
[20] The expansion of the water vapor driving the explosion is modeled using thermodynamic arguments in Appendix A6, and the total amount of internal energy released is found to be $217 kJ/kg. This is used to provide the kinetic energy of the entire expelled mass, and so the initial ejection velocity U and final range R of the ejected material can be deduced. These quantities are a function of the thickness, S, assumed for the sill, and for S = 30, 100 and 300 m they are U = 228, 384 and 543 m s À1 and R = $14, $39 and $79 km, respectively (see Table 3 ). We find that, in all geologically likely circumstances, the expanding water vapor remains in the vapor phase until it reaches current Martian atmospheric pressure, rather than forming liquid water droplets or ice crystals. The thermodynamic calculation also yields the average emplacement temperature of the decompressed sill magma, $350 K. In the ejecta layer, this still-warm magmatic material was intimately mixed with the unheated crustal rock debris that originally overlay the mixed zone, most of it still containing ice in its pore spaces. Heat conduction from warm clasts to cold clasts led to a final thermal equilibrium that was reached on a timescale determined by the average clast sizes. The median sizes of ejecta from phreatomagmatic explosions on Earth are commonly concentrated between 0.1 and 3 mm, although some very coarse and very fine particles are also produced [Wohletz, Y is the lateral sill extent; u is the magma flow speed when the viscosity is 1000 Pa s; S is the implied sill thickness; Re is the Reynolds number for the motion (L indicates laminar flow, and T indicates turbulent flow); t is the time required for the distance Y to be reached; and X is the distance that heat penetrates into the adjacent country rocks in time t.
1983]. Appendix A7 shows that the thermal equilibration timescale is then likely to be at most a few minutes. Depending on the ratio of sill thickness to intrusion depth, none, some or all of the remaining ice in pore spaces would have been melted. If sufficient melting took place, the initially dry ejecta would have been mobilized into a mudflow by the water produced, and since we infer that mobilization did indeed occur we can use the thermal analysis in Appendix A7 to constrain the thickness of the sill. The implied value is at least $150 m. The geometric constraints shown in Figure 7 further suggest that the thickness cannot be much greater than this value.
Discussion and Interpretations
[21] One of the most intriguing aspects of Hrad Vallis is the fact that it appears to be unique on Mars. Inspection of other source depressions that have associated water discharge (e.g., Olympica Fossae, the W. Elysium graben, and Mangala Vallis) shows that they all appear to lack construction at the source. The early phase of production of mudflows also appears to be unique to Hrad Vallis. Recent meltwater release at the SE base of Olympus Mons and along Olympica Fossae [Mouginis-Mark, 1990] was not associated with the production of mudflows. This prompts the question of why Hrad Vallis is so unusual.
[22] A possible reason for this difference in the style of water release might be that previously fragmented materials are required. Pyroclastic deposits associated with explosive volcanism may be present in western Elysium Planitia, as explosive volcanism has been hypothesized for Hecates Tholus to the east [Mouginis-Mark et al., 1982] . Alternatively, a thin cap rock (such as the observed sequence of lava flows) may be required to permit pressure build-up and subsequent release. Only at the perimeter of Elysium Planitia may the stratigraphy be conducive to the fragmentation of the overlying rocks. The layering in the walls of Hrad (Figures 4 and 5) is interpreted to be a sequence of lava flows comparable to those seen on the surface to the southeast. These lava flows may have formed a caprock over older, less consolidated materials within which the sill was intruded. Alternatively, the source area for Hrad is at a lower base elevation than any of the other Elysium depressions or graben (Table 1) . Subsurface flow away from the central portion of Elysium may have caused volatiles to be more concentrated around the perimeter, and more easily tapped by intrusions at the lower elevations.
[23] An interesting aspect of the mudflows is that there are no signs of ''de-watering'' of the surface (other than what we have interpreted to be the explosion craters) even at a scale of $3 m/pixel. The surface appears to be very smooth, and there is no evidence for ''ponding'' of fluids released from the flow (Figure 5 ). There are no small streambeds visible in the MOC images, and there are no signs of flow lines around the ridged mountain, which implies a slow emplacement or low viscosity. However, there must have been some post-emplacement deformation of the northern mudflows to explain the bench around the ridged mountain ( Figure 5 ) which appears to be a highstand level. The craters within the mudflows are also unusual, and are clearly genetically linked to the distribution of the mudflows as demonstrated by their concentration on the flow to the west of Hrad (Figure 6 ). While we prefer an origin via explosive decompression of volatiles trapped within the flow (i.e., somewhat similar to the formation of root-less cones or pseudocraters [Greeley and Fagents, 2001] ), this raises interesting implications for the distribution of volatiles within the mudflows and the original host rock. Potentially, the ejecta at different points within these mudflows could have come from systematically different depths beneath the surface or different radial distances from the sill, so that the ratio of hot lithics to volatiles could have varied. As more MOC images are collected for this area, one of the key observations to be made would be the determination of the distribution of these craters both as a function of radial distance from Hrad and down-strike distance from the point where the top of the dike can be identified (Figure 3) .
[24] Our model of dike-fed sill intrusion into the area NW of Elysium Planitia may also be used to explain some of the other features in the area. For example, Chapman et al. [2000] drew the comparison between the ridged mountain (''a'' in Figure 2a ) and some hyaloclastic ridges in Iceland. Had this ridge formed in the manner proposed by Chapman et al. [2000] , it would have been necessary to postulate an ice thickness in excess of $150 m from the minimum thickness necessary to cover hill ''a'' (Figure 7a ). Our preferred explanation is that the mountain formed as a consequence of a dike rising close to the surface and intruding a sill, but that no explosive decompression of the sill took place (perhaps due to a lower substrate volatile content?). We note that there is a narrow ridge extending to the SE (running exactly into the long axis of the mountain). This suggests that a dike approached close to the surface here before producing the mountain.
[25] Finally, we return to the description of the process that formed the downslope deposits at the distal end of Hrad Vallis. Our proposed model does not preclude the longerterm (weeks to months) release of meltwater after the formation of the mudflows shown in Figures 5 and 6 . Thus we favor a combination of lahar production, as first proposed by Christiansen [1989] and subsequent fluvial erosion. In no part of our model do we require subglacial activity either to explain the water release or the formation of the ridged mountain (Figure 2) . P is the pressure, T is the temperature, and E is the corresponding amount of liberated internal energy. For each of the sill thicknesses S = 30, 100, and 300 m, the energy E is used together with the ice fraction of the explosion products calculated from equation (A20) to find the maximum ejection velocity, U, and the corresponding ballistic ejecta range, R.
[26] Our analysis has provided both observational evidence and a quantitative model for magma-volatile interactions at Hrad Vallis. It seems likely that comparable processes could have occurred elsewhere on Mars, and so a more rigorous search for candidate areas should be conducted. We suspect that two strategies may prove particularly beneficial. First, a detailed topographic analysis of the areas around depressions similar to Hrad should be conducted. Transects derived from MOLA data should be constructed perpendicular to the long axes to try to identify uplift of the region due to shallow intrusion or deposition of ejecta (or, if our interpretation of the profiles in Figure 7 is correct, both). Second, the mudflows from Hrad may not be unique, but the identification of similar deposits may nevertheless be difficult in Viking and MOC images if modifications to the surface morphology have taken place. Utilizing THEMIS IR data from the Mars Odyssey mission may permit mudflows to be identified on the basis of the daytime IR compositional information or on their weathering differences compared with the adjacent terrain, as well as the identification of unusual particle size distributions based on their nighttime temperatures. The advent of these new data sets promises to provide additional observational constraints on the model presented here.
Appendix A: Theoretical Development of Explosion Model

A1. Crustal Density and Lithostatic Load at Sill Depth
[27] It is probable that the crustal rocks both above and below the level of sill injection, which we take as D = 400 m on the basis of the observations described in section 2, had ice filling their pore spaces (see Figures 8a -8c) . We assume the crustal rocks had a density r r and a pore space volume fraction v v , the pores being filled with ice of density r i , so that the bulk density was r b where
Using r r = 3000 kg m À3 for basaltic rocks, v v = 0.3 (based on the assumption that the crustal rocks are vesicular basaltic lavas, pyroclastics, or volcanically derived sediments [Wilson and Head, 1994] ), and r i = 917 kg m À3 we find r b = 2375 kg m
À3
, and so the lithostatic load at 400 m depth was $(g r b D) = $3.6 MPa, where g is the acceleration due to gravity, 3.74 m s À2 .
A2. Conditions in the Sill
[28] The mean pressure P s in the sill must have been close to the pressure P tip that existed near the tip of the dike as it began to form the sill. This can be estimated from the argument that, to maximize its magma flow speed, the pressure gradient along a dike must be a maximum and, since the magma source pressure is essentially fixed, the pressure in the propagating tip of the dike must decrease to the lowest possible value. This pressure is buffered by the amount of the most soluble volatile species that the magma contains [Lister, 1990; Rubin, 1993] . If the pressure falls slightly below the value at which the magma is saturated in this volatile, more of the volatile exsolves. Water is the most soluble of the common magmatic volatiles, the solubility function for water in basalt [Wilson and Head, 1981; Dixon, 1997] being
where the constant K w is 6.8 Â 10 À8 Pa À0.7 if n w is expressed as a mass fraction. If the magma contains 0.25 mass%, i.e., 0.0025 mass fraction, water (a plausible value for a mafic magma [Gerlach, 1986] ), the saturation pressure is P tip = 3.327 MPa. We can find the amount of CO 2 exsolved at this pressure, n e , using the solubility function [Harris, 1981; Dixon, 1997] 
where n c is expressed as a weight fraction, J c = 3.4 Â 10
À6
and K c = 6 Â 10 À12 Pa À1 . Assuming a plausible basaltic magma content of this volatile, say 0.2 mass%, i.e., 0.002 mass fraction, the amount exsolved at 3.327 MPa is n e = (0.002 À n c ) = (0.002 À 0.000023) = 0.0.001977, i.e., 0.1977 mass%, virtually all of the available 0.2 mass% CO 2 . The bulk density b of the sill magma is given by
where r m is the density of the magmatic liquid, say 2700 kg m
À3
, and r g is the density of the CO 2 gas given to sufficient accuracy for the present purpose by the perfect gas law
Here m c is the molecular mass of CO 2 , 43.99 kg kmol À1 , Q is the universal gas constant, 8.314 kJ K À1 kmol
À1
, and T m is the magma temperature, 1450 K. Using P tip = 3.327 MPa we find r g = 12.14 kg m À3 and then with n e = 0.001977, b = 1878.0 kg m
À3
. Furthermore, the two terms on the righthand side of equation (A4), equal to 1.628 Â 10 À4 and 3.696 Â 10
À4
, are just the partial volumes of the gas and liquid, respectively, showing that the gas bubbles occupied a volume fraction v g equal to 0.306 of the volume of the sill.
A3. Dynamics of Sill Intrusion
[29] We assume from the presence of the ridge within the Hrad depression (Figure 3) , and the other evidence mentioned in section 2 for the feeder dike penetrating close to the surface elsewhere, that the top of the dike was located $200 m above the level at which the sill intruded. This implies that the pressure head driving the sill injection, ÁP, was equal to the pressure due to a 200 m-high column of magma with density b = 1878.0 kg m À3 , i.e., about 1.4 MPa. If S is the mean sill thickness, the flow speed of the magma in the sill is given by
if the magma motion is laminar and
if the magma motion is turbulent, where h is the magma viscosity (we use 1000 Pa s as being reasonable for a basaltic magma), a is a friction coefficient of order 0.01 [Wilson and Head, 1981] and dP/dy is the pressure gradient driving the flow. To decide which of these equations is relevant one evaluates both values of u, using each to calculate its corresponding Reynolds number, Re = (2 S u b)/h, and checks for internal consistency: if the laminar equation is the appropriate one to use it will yield a value of Re less than the critical value for turbulence, $2000, and if the turbulent equation is correct it will yield Re > 2000.
[30] If the sill tip has propagated laterally a distance Y perpendicular to the strike of the dike, we can set dP/dy equal to (ÁP/Y). Also, we assume that the sill opens in such a way that its mean thickness is proportional to the lateral distance that its tips have propagated, i.e., (Y/S) is a constant, ψ. If the sill was emplaced as a purely elastic intrusion we would expect ψ to be $1000 [Rubin, 1993] ; if the intrusion process was inelastic, ψ could be much less, and we assume that values as small as 30 are possible. The above equations then become
in the turbulent case (note that in the latter case the velocity is a constant independent of Y). Table 2 shows how u varies with Y for values of ψ = 30, 100, 300 and 1000. Values of Y up to at least 15 km are used in Table 2 for the reasons outlined in section 2 relating to the width of the uplifted zone on either side of the Hrad depression. We show later that the thickness of the sill probably lies between 30 and 100 m, and so in some parts of Table 2 larger values of Y are used to ensure that sill thicknesses up to 100 m are always represented.
[31] We now evaluate the time, t, taken by the advancing tip of the sill to reach any given distance Y. Since u is by definition the rate of change of Y with time, t is given by R (dY/u), so that in laminar flow
where some initial travel distance Y 0 must be chosen. We adopt Y 0 = 1 m (the exact value chosen is not critical) on the grounds that the width of the dike at the depth where the sill intrudes was of this order: Giant regional dikes on Mars probably have mean widths of order 250 m and half heights of order 50 km [Wilson and Head, 2002] , so that at $200 m from the tip the width was $(200/50000) Â 250 = 1 m. In turbulent flow the velocity is constant and Table 2 shows the values of t obtained in this way. Where a change from laminar to turbulent flow occurs, the elapsed time is found from (A10) until the transition and (A11) afterward. There is some uncertainty in the timescale, in that the value of ÁP used in equations (A10) and (A11) is based on the assumption that the driving pressure for sill injection was that due to a 200 m high column of magma. If the magma column extended very close to the surface the height could be as much as 400 m; equally, the column height could be less than 200 m. However, unless it was very much less than 100 m, these uncertainties affect the timescale by no more than a factor of 2. Clearly timescales of hundreds to thousands of seconds (minutes to hours) were required for the emplacement of the sill.
A4. Initial Sill-Crust Interaction
[32] As the sill spreads, the temperature of the interface between the sill and the adjacent crust adjusts to a value T i approximately equal to the mean of the absolute temperatures of the magma and crust, say 0.5 [1450 + 250] = 850 K. This is because the thermal wave heating the overlying rocks penetrates about the same distance in a given time as the wave of cooling that penetrates into the magma below [Carslaw and Jaeger, 1947, article 20 (v) ]. The penetration distance of the thermal wave into the crust in time t is X = (k t)
, where k is the thermal diffusivity, $10 À6 m 2 s À1 for both rock and ice at typical Martian surface temperatures [Pounder, 1965; Seipold, 1998 ]. Table 2 shows the values of X corresponding to each value of t.
[33] Heat is transferred from the sill to the surrounding crust. If solid ice is converted to vapor so rapidly that there is no time for a change in volume, the density of the vapor, r v , must be the same as the density of the ice, r i . The pressure P v in the vapor can be related to its density by the perfect gas law (a reasonable approximation at this pressure and temperature [Schmidt, 1969] ):
where m w is the molecular weight of H 2 O, 18.01 kg kmol
À1
. Inserting r v = r i = 917 kg m À3 and T i = 850 K, we find P v = $360 MPa. This value of P v is $30 times larger than the pressure in the sill before the interaction and also $10 times larger than the compressive strength of the crustal rocks. Thus, unless the water vapor is allowed to expand, there is the potential for a massive explosion.
[34] However, provided that water vapor can be transferred easily from the cavities in the crustal rock to the surrounding sill magma, i.e., provided that the crustal rock is permeable once its ice melts, a significant amount of water vapor formation can be accommodated easily by the compression of the carbon dioxide bubbles distributed throughout the magma in the sill and connecting dike. Consider a length L along the SE-NW strike of the dike and sill. By the time the heating front has advanced a distance X into the ice-rich crust, the mass of the vapor from the ice in the pore spaces both above and below the sill is (2 Y X L r i v v ). The volume of sill material (which we assume extends on both sides of the dike) is (2 Y S L) and so the mass of CO 2 in the sill is (2 Y S L v g r g ) and the mass of magma is (2 Y S L [1 À v g ] r m ). The bulk density of the magma is 1838 kg m À3 at the top of the dike where it feeds the sill and 2700 kg m À3 at depths great enough that no gas has exsolved. We assumed above that the magmatic CO 2 content at great depth is 0.002 (0.2 mass%), in which case the solubility equation (A3) shows that CO 2 will begin to exsolve at a pressure of 332.8 MPa, and with a crustal bulk density of r b = 2375 kg m À3 this corresponds to a depth of H = 37.5 km. The exsolved mass fraction of CO 2 changes linearly (since equation (A3) is linear in the pressure) from zero at H = 37.5 km to (0.002 À J c À K c P tip ) = 0.001977 at the dike tip, and so the average exsolved mass fraction of CO 2 , n ea , is 0.000988. The volume of magma in the dike down to H is (H W L) and the magma mass is (H W L r a ) where W is the mean dike width and r a is the mean magma bulk density in the dike, which can be found to a good approximation by interpolating the bulk density linearly between the gas-free value 2700 kg m À3 at H and the nearsurface value of 1838 kg m À3 , giving r a = 2269 kg m
À3
. We estimate W to be of order 250 m on the basis of the analysis of other regional giant dikes on Mars [Wilson and Head, 2002] . Thus the mass of CO 2 in the dike is (H W L r a n ea ). We now compare the various gas masses. Using typical values favoring water vapor production in Table 2 , namely, Y = 10 km, S = 33 m and X = 0.084 m for ψ = 300, we find that the masses are 2.45 Â 10 6 kg for the CO 2 in the sill, 2.16 Â 10 7 kg for the CO 2 in the dike, and 4.62 Â 10 5 kg for the water vapor in the crustal pore space. Thus, during the actual intrusion process, the added water vapor represents typically no more than a 2% increase in the mass of gas in the system, and would therefore cause a change in the gas pressure in the sill by a similar amount.
[35] The only caveat in this analysis is the assumption that as water vapor is produced at the sill margins its addition can be accommodated rapidly enough by the rest of the magma. This requires that pressure changes, i.e., sound waves, can propagate through the system at least as fast as vapor is being produced. Table 2 shows that the typical timescales for significant vapor production are hundreds to thousands of seconds. The speed of sound in a vesicular magma is $100 m s À1 [Kieffer, 1977] and the longest length scale involved is the 37.5 km vertical extent of the vesicular dike. The time required for a sound wave to travel this distance is $400 s, and so we see no problem with the pressure changes being accommodated. Indeed, for the slower production timescales, the added gas may in fact be accommodated in an even larger volume of magma, because we have considered only the dike magma within a region extending the same distance along strike as the sill; in practice, with due allowance for the speed of sound issue, the excess gas pressure due to the events in the sill could be shared with a much larger fraction of the magma in the entire regional dike system.
A5. Subsequent Violent Sill-Crust Interaction
[36] Eventually, presumably somewhere near the location of the connection between the feeder dike and sill where the pressures and deformation rates are highest (Figure 8d ), the progressively greater strain along the interface between the sill and the adjacent crust causes a sufficiently abrupt displacement of a block of crust into the sill magma that some significant volume of ice is converted to vapor that cannot escape efficiently and so acquires a pressure approaching the value P v = $360 MPa calculated earlier. If a large enough volume of material is involved, the expansion of this trapped gas can trigger a run-away fuel-coolant type of interaction [Wohletz and McQueen, 1984; Zimanowski et al., 1991] , in which very rapid mixing of equal volumes of sill magma and crustal rock occurs (Figure 8e) . The pressure in all of the vapor created is very close to P v and the equilibrium temperature of the mixture, T e , can be found by sharing the enthalpy of the components:
Here T z is the initial temperature of the ice-rich crustal rocks, taken as 250 K; s m , s r and s i are the specific heats of liquid magma, solid rock and ice, taken as 1000, 1000 and 2000 J kg À1 K À1 , respectively; L i is the latent heat of fusion of ice, 3.33 Â 10 5 J kg À1 ; and h(P, T) is the enthalpy of water measured relative to the enthalpy at the 273.15 K triple point, given in standard steam tables [e.g., Schmidt, 1969] . Inserting the relevant numerical values we find that (A13) reduces to (4.8 Â 10 6 T e + 275.1 h) = 4.336 Â 10 9 .
Starting from an initial estimate of T e as being equal to T i = 850 K, obtaining h(P v = 360 MPa, T e = 850 K) from the tables, solving for T e , and using this result to find a new value of h for the next iteration, the solution converges rapidly on T e = 785 K.
[37] The timescale for the initiation of the explosion process is determined by the passage of very high pressure waves through the crustal material and magma that is being mixed. Assuming that these waves propagate at speeds at least comparable to the sound speed, $100 m s
À1
, the $400 m depth of sill intrusion and up to 300 m sill thickness imply timescales of just a few seconds. Earlier we described evidence that the sill intruded into fragmental material underlying a series of lava flow units. The pressures reached in the thoroughly mixed materials, $300 MPa, are so much greater than the strength of any kind of rock that we assume that the overlying materials are shattered by the explosion process even if they are relatively coherent lava flow units (Figure 8f ).
A6. Dynamics of the Explosion Process
[38] To model the consequences of the explosion we consider the products to consist of small solid fragments in good thermal contact with the water vapor surrounding them. In this case the assemblage can be treated as a pseudo-gas [Kieffer, 1981] and the expansion involves a decrease in pressure, P, from the initial value P v according to the relationships
where r is the density of the water vapor and l is the ratio of the mass of hot ejected material that is not vapor to the mass of vapor. We have assumed that equal volumes of sill magma and crust are mixed in the explosion, and so l is given by
In equation (A16), c p and c v are the specific heats of water vapor at constant pressure and volume, respectively, and s n is the mean specific heat of the ejected material that is not vapor. The specific heats of solid silicate rock and magma, s r and s m , are essentially identical at $1000 J kg À1 K
À1
, and so s n also has this value. Inserting the density and volume fraction values used previously into (A17), we find that l = 14.46. We have had to extrapolate the available thermodynamic data to find values for c p and c v at the pressures and temperatures of the exploding mixture; our estimates are $3900 and 2800 J kg À1 K
, respectively. These lead to g = 1.064.
[39] These equations can be manipulated to give the temperature, T, as a function of the decreasing pressure, P, during the explosive expansion and the initial values T e and P v :
It is then possible to evaluate the amount of specific internal energy, E, released during the explosion process by evaluating R (dP/r), leading to
The energy E provides the kinetic energy of the explosion products. However, this energy must be shared with the mass of crustal rock that overlies the zone within which catastrophic mixing has occurred and which is ejected when the underlying material explodes. Let n be the mass fraction that the heated explosion products form of the total mass ejected. To evaluate n consider Figure 
For the adopted intrusion depth of D = 400 m, values of sill thickness S = 30, 100 and 300 m lead to values of n = 0.12, 0.34 and 0.68, respectively. These values would change if we assumed some other value for D; however, we cannot make D much greater than 400 m since this is the approximate depth of the Hrad depression; equally we cannot make D much less than $100 m without invoking an excessive sill thickness. For D = 200 m, the values of n corresponding to S = 30, 100 and 300 m are 0.13. 0.54 and 0.84, respectively, at most a 20% difference from the values for D = 400 m.
[40] Having evaluated n we can find the mean velocity U of all of the ejected material by equating the kinetic energy per unit mass, 0.5 U 2 , to the available energy: Table 3 gives the values of T, E and U as a function of decreasing pressure during the explosive expansion, and also the value of the maximum range, R, to which explosion products can be thrown using the ballistic formula R = (U 2 /g). The ballistic formula gives a reasonable approximation to the actual range for discrete explosions of this kind on Mars [Fagents and Wilson, 1996] . Ranges up to several tens of km are clearly possible and we discuss the implications of this later.
[41] Using thermodynamic data for water given by Kieffer and Delaney [1979] we estimate that at the initial pressure and temperature in the explosion the specific entropy of the system is about 2500 J kg
. The water vapor expansion process proceeds from the supercritical region to the vapor region without passing through the two-phase vapor-liquid region and so no water droplets form. The expansion process is terminated when the vapor pressure reaches the ambient Martian atmospheric pressure (P atm = $500 Pa), which occurs when the temperature reaches the value T f = 350 K. This is greater than the triple point temperature, 273.15 K, implying that no ice crystals nucleate. The final assemblage that reaches the surface consists of (a) fragmented crustal rock from the zones immediately adjacent to the sill that has been heated to some extent during its violent mixing with sill magma but has then cooled somewhat during flight; (b) sill magma that has probably mostly chilled to glass rather than crystallizing (for which reason we have neglected the latent heat of fusion of the sill magma, some of which may have been released, thus implying that if anything we may have underestimated U and R), and (c) crustal rock overlying the zone within which violent mixing with sill magma took place that was not heated but was ejected. This material still contains the ice that was present in its pore spaces before the sill intruded.
A7. Thermal State of the Explosion Ejecta
[42] After emplacement of the ejecta, heat is conducted from the warm clasts at temperature T f = 350 K into the unheated material still at $250 K. The timescale for thermal equilibrium to be approached is determined by the mean grainsize of the ejecta. The time required for most of the heat to be extracted from a clast of radius r is $(r 2 /k), where k is the thermal diffusivity of the clast material, $10 À6 m 2 s À1 for all silicates, and so for mean clast sizes of 1 mm, 1 cm, 10 cm and 1 m the equilibration times are $1 second, 2 minutes, 3 hours and 2 weeks, respectively. The median sizes of ejecta from phreatomagmatic explosions on Earth are commonly concentrated between 0.1 and 3 mm, although some very coarse and very fine particles are also produced [Wohletz, 1983] . Thus the thermal equilibration timescale is likely to be at most a few minutes.
[43] The ultimate mean temperature reached after heat has been shared between clasts, T u , is obtained as usual by sharing the enthalpy of all of the components. If all of the ice in the as-yet unheated pore spaces melts, T u is given by
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If only a fraction F of the ice in the pore spaces melts, T u is by definition 273.15 K and F is given by
If none of the ice in the pore spaces melts, T u is given by
On inserting the appropriate material properties we find that, using our preferred sill top depth value of D = 400 m, none of the ice in the ejecta deposit melts if the sill thickness S is less than 73 m; conversely if S is greater than $150 m all of the ice melts. Given that the Hrad deposit shows incontrovertible signs (e.g., Figure 6 ) of fluid-assisted postemplacement movement, we conclude that the sill involved must have been at least $150 m thick.
[44] The observations described in section 2 imply that it is possible that D is at least some tens of meters less than 400 m, but it is unlikely to be much greater than this value. Figure A1 shows the results of calculating the final equilibrium temperature of the ejecta deposit, T u , assuming values of D between 50 and 500 m for each of the sill thicknesses S = 10, 30, 100 and 300 m. The curves for S = 10, 30 and 100 m are truncated at D = $25, $75 and $250 m, respectively, because if the values of D are greater than these critical depths not all of the interstitial ice is melted in the ejecta deposit. All of the curves are truncated at T u = 350 K because this corresponds to the top of the sill being coincident with the surface, i.e., D = 0.5 S. Figure A1 implies that for a very wide range of physically plausible values of D and S it is possible to melt the interstitial ice still present within the crustal rocks after they land as ejecta.
Notation
D depth to top of intruded sill, m E specific internal energy released during water vapor expansion during formation of Hrad depression, J kg
À1
F fraction of ice in pore space of ejecta which melts H depth in feeder dike below which no CO 2 exsolves, equal to 37.5, km J c constant in CO 2 solubility function, equal to 3.4 Â 10
À6
K c constant in the CO 2 solubility function, equal to 6 Â 10 À12 , Pa L length along strike of sill, m L i latent heat of fusion of ice, equal to 3.33 Â 10 5 , J kg À1 P pressure in expanding water vapor, Pa P atm Martian atmospheric pressure, equal to $500, Pa P s pressure in magma in sill, Pa P tip pressure in propagating dike tip, Pa P v pressure in water vapor in thermal contact with sill, equal to $360, MPa Q universal gas constant, equal to 8.314, kJ K t timescale for thermal wave to penetrate crust, s
